Abstract. Accumulating evidence suggests that aberrant expression of microRNAs (miRNAs) is involved in several diseases, including cancer. This study aimed to investigate the miRNA expression pattern and its alteration following celecoxib intervention for human colorectal cancer (CRC). The miRNA expression profiles of CRC tissues, matched adjacent normal colorectal mucosae and HT-29 cells treated with celecoxib were determined using miRNA microarray, and further confirmed using the quantitative reverse transcription-polymerase chain reaction (Q-RT-PCR). The target genes of the aberrant miRNAs in HT-29 cells treated with celecoxib were further assessed through bioinformatic analysis. Results from this study demonstrated a significant increase in the expression of 35 miRNAs and a decrease in 30 miRNAs in the carcinoma tissues compared to the normal tissues (P<0.001). Of the 28 aberrantly expressed miRNAs, 20 were upregulated and 8 were downregulated in the HT-29 cells treated with celecoxib compared to the matched control cells (P<0.01). Furthermore, miR-552 was found to be correlated with clinical stage, lymph node and distant metastases (P<0.05). Stage and distant metastases revealed differential expression of miR-139-3p and grade disclosed aberrant expression of miR-142-3p. In addition, multiple target genes involved in several essential survival pathways were found be modulated by the aberrantly expressed miRNAs in HT-29 cells treated with celecoxib. Our data revealed that a common pattern of miRNA expression in the colorectum could distinguish malignant tissue from normal mucosa. Celecoxib inhibited HT-29 cell growth in vitro which was partly attributable to the altered expression of miRNAs. miRNAs may be involved in CRC tumorigenesis and can serve as potential therapeutic targets.
Introduction
Colorectal cancer (CRC) is one of the most common types of malignant neoplasm in developed countries and the incidence of CRC has increased in China due to the adoption of a Western lifestyle. Previous studies have demonstrated that several aberrant genes, including APC, β-catenin, K-Ras and certain MMR genes, are involved in carcinogenesis of the colorectum (1) (2) (3) . However, at present, few molecules are considered as biomarkers able to differentiate early malignant CRC from normal tissue.
A new class of non-coding RNAs, known as microRNAs (miRNAs), was recently discovered and have been demonstrated to be involved in various human diseases, including cancer, through the regulation of target gene expression at the post-transcriptional level (4) . miRNAs are 19-to 25-nt molecules cleaved from 70-to 100-nt hairpin pre-miRNA precursors generated from primary transcript miRNAs in the nucleus. The precursor is cleaved by the cytoplasmic RNase III, Dicer, into a 22-nt miRNA duplex; one strand of short-lived duplex is degraded, while the other strand, which serves as the mature miRNA, is incorporated into the RNA-induced silencing complex (RISC), and drives the selection of target mRNAs containing antisense sequences (5) . Previous studies have indicated that over 30% of mRNAs in the mammalian genome may be regulated by individual miRNAs (6) . However, only a small number of target mRNAs have been identified. The first evidence for miRNA involvement in human cancer was demonstrated by Calin et al in 2002 (7) . Since then, the carcinogenic role of miRNAs has been identified not only in malignant hematopoietic disease, but also in solid tumors (8, 9) . Several miRNA expression signatures have been recently reported in CRC (10) (11) (12) . However, due to the different study procedures and samples, the definite miRNAs associated with CRC pathogenesis remain largely unknown.
microRNA expression pattern and its alteration following celecoxib intervention in human colorectal cancer
Celecoxib, an inhibitor of cyclooxygenase-2 (COX-2), may prevent CRC, and even prohibits the growth of tumor cells, through the inhibition of angiogenesis, apoptosis and blockage of the cell cycle (13) (14) (15) . However, to date, its exact anti-cancer mechanism in malignant neoplasms, including CRC, is poorly understood. To our knowledge, few studies have focused on the pathological role of miRNAs in the process of celecoxib treatment of CRC cells.
Recently, with the development of miRNA microarray technologies, expression profiling studies have been conducted which recognize miRNAs differentially expressed between normal and tumor samples, and identify cancer-specific miRNA signatures associated with well-defined clinicopathological features (16, 17) . In this study, we present the results of genome-wide miRNA expression profiles of a set of CRC and normal colorectal tissues, in order to reveal the specific miRNAs correlated with CRC. Furthermore, the miRNA expression profiles of HT-29 cells before and after intervention with celecoxib were also determined in order to investigate the underlying role of miRNAs.
Materials and methods

CRC samples and cell line.
With the approval of the Institutional Review Board of the First Hospital Affiliated to Soochow University, malignant colorectal tissues were obtained from patients undergoing colorectal resection for CRC. The matchpaired normal colorectal mucosae were obtained from the colorectum more than 5 cm away from the carcinoma tissue site in these patients, whose histology was confirmed using H&E staining concurrently with the carcinoma tissues. Written informed consent was obtained from all patients according to the guidelines approved by the Institutional Research Board. All tissue samples were collected and immediately snap-frozen in liquid nitrogen, and stored at -80˚C until RNA extraction. The clinicopathological characteristics of the CRC patients are shown in Table I . The exclusion criteria included a previous history of local or systemic treatment for CRC.
The HT-29 cells were maintained in McCoy's 5A modified medium (Gibco-BRL, USA) supplemented with 10% fetal bovine serum (FBS; Sigma, USA). The cultures were incubated at 37˚C in a humidified 5% CO 2 incubator. Celecoxib was obtained from Sigma and dissolved in dimethyl sulfoxide (DMSO) with a final concentration of 0.1% DMSO in the culture medium. The HT-29 cells were separated into eight groups, including the control (cells without intervention), DMSO (cells treated with the same dose of DMSO as the control group) and celecoxib groups treated with concentrations 50-350 µmol/l. Cells in each group were seeded at 1x10 4 cells per well in a 96-well culture plate. Twenty-four hours later, each well was incubated with DMSO or celecoxib at different concentrations for 24, 48 or 72 h. Cell viability in 96-well plates was evaluated using the Cell Counting Kit 8 (CCK-8) assay.
RNA extraction and miRNA array analysis. Total RNAs from 6 human CRCs and 6 paired normal colorectal tissues and 2 groups of HT-29 cells (control group and cells treated with 237.73 µmol/l celecoxib for 48 h) were analyzed by miRNA microarray. Total RNA isolation was conducted with TRIzol (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. The concentration and purity of the total RNAs were assessed using a spectrophotometer, and RNA integrity was verified using an Eppendorf Biophotometer (Eppendorf, Germany). RNA labeling and hybridization on miRNA microarray chips were conducted according to the miRNA expression profiling assay guide (Illumina, USA). The assay was initiated by polyadenylating 200 ng of total RNA with a poly-A polymerase enzyme (PAP). The polyadenylated RNA was then converted to cDNA using a biotinylated oligo-dT primer with a universal PCR sequence at its 5' -end. Following PCR amplification, the labeled, single-stranded product was hybridized to Illumina miRNA microarrays, which contained probes for 1146 human miRNAs representing a majority of known miRNAs (described in the Sanger Institute's miRBase database, Release 12.018), plus additional novel content derived using Illumina sequencing technology for 14 h at 45˚C. The microarrays were then washed using Illumina-prepared buffers. The Illumina iScan System (Illumina, USA) was further used to measure the fluorescence intensity at each addressed bead location. Normalization was performed using the average normalization method. The intensity of each hybridization signal was evaluated using Feature Extraction Software. The average values of the replicate spots of each miRNA were background subtracted, normalized and subjected to further analysis.
Quantitative real-time polymerase chain reaction (Q-RT-PCR).
For miR-552, miR-142-3p, miR-139-3p, miR133b, miR-26a-1 * , miR-142-5P and RNU6B (internal control) specific cDNA synthesis was conducted using an miScript Reverse Transcription kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. Q-RT-PCR was performed using an miScript SYBR Green PCR kit (Qiagen). The reactions were incubated in a 96-well optical plate for 15 min at 95˚C followed by 40 cycles of 5 sec at 95˚C, 31 sec at 61˚C and then were held constant at 4˚C. Expression analysis was performed in triplicate for each sample. A melting curve analysis and agarose gel electrophoresis were conducted to confirm the specificity of the amplification reactions. The U6 small nuclear RNA was used as the normalization control. The miRNA expression level was quantified using the ABI Prism 7300 Sequence Detection System (Applied Biosystems, Foster City, CA, USA). The relative expression of each miRNA was calculated using the 2 -ΔΔCt method, with the ratio of the median expression sample among all the cancer and paired normal tissue samples used as the calibrator.
miRNA target functional analysis through enrichment analysis and GeneGo pathway annotation based on miRNA expression profiles in HT-29 cells following celecoxib treatment.
According to the results from the bioinformatic techniques, the target genes of the deregulated miRNAs in the HT-29 cells following intervention of celecoxib compared to HT-29 cells without treatment were selected based on three miRNA target gene prediction software databases (miRNAs, RNAHybrid and Targetscan). Furthermore, enrichment analysis was applied in order to organize the target genes into three categories, including common, similar and unique, and in order to match them to functional pathways in the MetaCore gene pool evaluated with the P-value. The smaller the P-value, the greater possibility that the target gene is in a certain pathway. Meanwhile, the target genes of the aberrant miRNAs were collected, and subjected to GeneGo pathway annotation. We chose to illustrate only pathways that had P<0.001.
Statistical analysis.
All results are expressed as mean ± standard deviation (SD). Statistical analysis was conducted using the Student's t-test for the comparison of the cancer group and the normal tissues in the microarray analysis; P<0.001 was considered to indicate a statistically significant difference. The Illumina custom error model was used to analyse the differences in expression between the HT-29 cells treated with celecoxib and non-treated cells; P-value <0.01 was considered to indicate a statistically significant difference. Analysis of variance (ANOVA) was used to compare the expression of selected aberrant miRNAs as determined by the Q-RT-PCR assay. Using RT-PCR analysis, an miRNA was designated as overexpressed if the expression was >2.0-fold, and underexpressed if the expression was <0.5-fold when compared to 10 paired normal tissues in all 25 clinical CRC samples and two different groups of HT-29 cells. P-value <0.05 was considered to indicate a statistically significant difference, and was calculated using SPSS software 16.0 (SPSS, Chicago, IL, USA).
Results
Celecoxib induces growth arrest in HT-29 cells.
We first examined the effect of celecoxib on the growth of HT-29 cells. All cells were treated with different concentrations of (Table III) . When the HT-29 cells exposed to celecoxib were compared with the untreated cells, 20 miRNAs were found to be overexpressed while 8 miRNAs were underexpressed (P<0.01) ( Table IV) .
Validation of the microarray data by miRNA RT-PCR analysis. To confirm the results from the microarray analysis, the expression levels of miR-552, miR-142-3p, miR-139-3p and miR-133b (the novel and major miRNAs of particular interest in the CRC of these specimens identified in the microarray study described above) were measured using Q-RT-PCR in all 25 CRC cases and 10 normal colorectal mucosae (Table V) . The major deregulated miRNAs, miR-26a-1 * and miR-142-5p, in the HT-29 cells treated with celecoxib were also confirmed using the same method. As expected, a statistically significant upregulation in the expression of miR-552 and miR-142-3p Table VI . Correlation between clinicopathological features and expression of four miRNAs. (Table VI) . miR-552 was found to be correlated with TNM stage, lymph node and distance metastasis (P<0.05), but not with age, gender, size of tumor or histological grade. TNM stage and distant metastasis were associated with the differential expression of miR-139-3p, and histological grade disclosed aberrant expression of miR-142-3p. The other features did not demonstrate any association with the differentially expressed miRNAs.
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miRNA target prediction, enrichment analysis and GeneGo pathway annotation based on HT-29 cell miRNA expression alteration. The computer and bioinformatic based predictions demonstrated that numerous mRNAs are able to be regulated by one miRNA and one mRNA simultaneously can been manipulated by several miRNAs, which indicates the complicated regulation network between miRNAs and their target mRNAs. Using six mature deregulated miRNAs, miR-142-5p, miR-33b, miR-570, miR-647, miR-622 and miR-552, we listed several of their target genes (Table VII) according to predictions from three databases. To overcome this, two functional analyses, enrichment and GeneGo pathway analysis, were then used to further detect the predicted genes targeted by the aberrant miRNAs in the HT-29 cell treated with celecoxib.
The high-enrichment analysis demonstrated that genes targeted by aberrant miRNAs following celecoxib intervention were involved in carbohydrate, protein and lipid metabolism, cell proliferation and regulation, apoptosis and cell cycle regulation, cell differentiation, cell adhesion regulation and angiogenesis. For example, target genes of miR-622 determined by the MetaCore database, were involved in cytoskeletal remodeling and cell adhesion-chemokine and adhesion pathways. However, target genes of miR-570 were involved in pathways for WNT5A-development signaling and WNT-development signaling (Fig. 1) . Furthermore, GeneGo analysis revealed that almost 650 pathways, including metabolism, growth, differentiation, apoptosis and signal transduction, may participate in CRC carcinogenesis.
Discussion
In the present study, we identified 65 miRNAs that were deregulated in CRCs compared with normal tissues, of which, 35 miRNAs were upregulated and 30 miRNAs were downregulated. These results demonstrated that aberrant expression of miRNAs is involved in human carcinogenesis of the colorectum, and that expression of specific miRNAs could have the potential to select early-stage CRC. However, at RAD50  WWWP1  PRKCB  FGF13  FAM70A  MYO3B  RNF128  RPS6KA4  PRPF4B  TMF1   hsa-miR-33b  ABCA1  UBE2D1  SEMA5B  ROD1  MEIS2  PTK7  RAD10  YWHAH  LRRC4  MKRN1  miR-570  STIM2  MKRN1  PCNXL2  CPEB2  ANKRD12   AXIN1  P4HA1  SLC6A15  PAN3  PLOD2  miR-647  APPBP2  GTDC1  DPF2  ATP8A2  DAGLA  NFIX  SRF  ODZ4  ATP8A2  CRRC8A Downregulated miRNAs miR-552
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present, the expression profiles of miRNAs in previous studies focusing on aberrant miRNAs in CRCs were not identical and certain studies even revealed contrasting results (19) (20) (21) . Although expression of 13 miRNAs, including miR-96, miR-31, miR-592, miR-135b, miR-183, miR-142-3p, miR-335, miR-32, miR-1, miR-9, miR-133a, miR-133b and miR-187, demonstrated no difference compared to previous studies, other aberrant miRNAs in our study were not consistent with previously reported results. We consider this to be due to differences in patient ethnicities, locations, genes, research methods and screening criteria. Therefore, this could be solved through perfecting the study methods and establishing unanimous screening standards in the near future.
Regarding the tissue specificity of miRNAs, previous studies have suggested that different miRNAs are likely to be deregulated in cancers of different cellular origins. For example, miR-21 and miR-155 were found to be uniquely overexpressed in pancreatic cancer compared to normal pancreas and chronic pancreatitis (9), while miR-125b and miR-145 were significantly deregulated in breast cancer (16) . Moreover, due to the smaller number of miRNAs than the protein-coding genes, unique yet differential miRNA expression patterns may correlate more accurately with cancer type, stage and clinicopathological variables than gene profiling, which implied the specificity of the miRNAs as confirmed by Rosenfeld et al and Lu et al in their recent respective studies (22, 23) . In our study, certain aberrantly expressed miRNAs in the cancer tissues compared with normal mucosa, including upregulated miRNAs, miR-549, miR-662, miR-142-5p, miR-431, miR-219-5p, miR-660, miR-21 * , miR-452, miR-154 * , miR-182 * , miR-584, miR-494, miR-376c and miR-376a, and downregulated miRNAs, miR-29b-2 * , miR-328, miR-363, miR-20b, miR-597, miR-504 and miR-383, identified in CRCs were also found to be deregulated in other malignancies in previous studies, which did not display the specificity phenomenon. However, the other 13 miRNAs, miR-96, miR-31, miR-183, miR-135b, miR-142-3p, miR-335, miR-32, miR-9/9 * , miR-1, miR-133a, miR-133b and miR-187, were found to be deregulated in CRC in our study and several previous studies targeting CRCs and have been seldom demonstrated in other cancer types (21, (24) (25) (26) , which might infer the tissue specificity of these aberrant miRNAs in human CRCs. Therefore, a small set of aberrant miRNAs mentioned above in our study not only distinguishing malignant tissues from normal tissue in the human colorectum, but also could be used to differentiate CRC tissues from the advanced cancer pool with unknown origin.
In addition to identifying the deregulated miRNAs in the CRC tissues, certain miRNAs which might have potential clinical significance as suggested by the functional analysis were found to be differentially expressed in distinct clinicopathological features. In this study, miR-552 was mostly overexpressed in lymph node and distant metastasis-positive colon cancers, suggesting that upregulation of this miRNA could be associated with a poorer prognosis. Furthermore, miR-139-3p, whose expression identified cancer tissue from normal tissue, was differentially expressed in cancers of different stages and grades. These findings indicate that deregulation of these two miRNAs are not only involved in the development of CRC, but also affect the molecular events in the progression of CRC. However, the comprehensive significance of all of these aberrant miRNAs in our study require further confirmation through further studies involving a greater number of clinical patients. Studies have revealed that aberrant miRNAs involved in tumorgenesis play a role as either an oncogene or a tumor suppressor depending on which genes they are targeting. Certain miRNAs, including let-7, miR-16, miR-10b, miR-125b and miR-145, were found to be downregulated and demonstrated a tumor-suppressor role in several types of cancers (27, 28) , while others, including miR-17, miR-19, miR-21 and miR-155 may play a role as oncogenes through overexpression (29, 30) . In this study, 65 aberrant miRNAs in CRCs as compared to normal tissues were observed to be oncogenes or tumor suppressors. Among these, 8 overexpressed miRNAs, including miR-96, miR-31, miR-592, miR-135b, miR-183, miR-142-3p, miR-335 and miR-32, may play roles as oncogenes and 5 downregulated miRNAs, including miR-1, miR-9, miR-133a, miR-133b and miR-187, may act as tumor suppressors; this was consistent with previous studies, therefore warranting further study.
In this study, we further found that following 48 h of exposure to celecoxib, the HT-29 cell growth was inhibited, accompanied with an alteration of the miRNA expression profile. The microarray results identified 28 aberrantly expressed miRNAs, of which 20 miRNAs were upregulated and 8 were downregulated. Therefore, we speculated that miRNA may be involved in the growth inhibitory role of celecoxib in CRC which elucidated additional mechanisms in the prevention and even treatment of CRC apart from inducing apoptosis and retarding the cell cycle. Four mature miRNAs, miR-33b, miR-30c-1, miR-647, miR-142-5p, have been reported to be associated with certain other cancer types, including endometrial, familial breast, non-small cell lung cancer and chronic lymphocytic leukemia, but CRC in previous studies (31) (32) (33) (34) . However, in our study, these four molecules were found to be upregulated in CRC cells treated with celecoxib. In addition, studies have revealed that colon cancer tumors and a variety of in vitro cultured tumor cell lines exhibited low expression of let7, while it was highly expressed in adjacent normal tissues (35) . let7 targets a number of genes, including K-RAS, H-RAS, HMGA2, C-MYC and NF2, playing a negative regulatory role (36) (37) (38) (39) . Notably, upon intervention with celecoxib, expression of let-7i, a member of of the let-7 family, in HT-29 cells was significantly increased, indicating its role as a tumorsuppressor gene in our study.
In order to comprehensively understand the roles of the differentially expressed miRNAs during HT-29 cell growth inhibition folowing celecoxib intervention, the target genes and mechanism of regulation require further exploration. Through the use of three miRNA databases, we identified that a number of molecules involved in cell growth, apoptosis, metabolism and signal transduction, were target genes of these aberrantly expressed miRNAs, and each differentially expressed miRNA was able to regulate multiple target genes. Several genes, including PDGFRA, ROCK-2, EPHA3, AXIN1, CTNNB1, ACTN1, EIF4G1 and RASA3, previously involved in the pathogenesis of certain types of cancer were found to be targeted by miR-33b, miR-570 and miR-647 in our study, demonstrating their anti-tumor role in CRC.
Results from the GeneGo analysis revealed that target genes regulated by deregulated miRNAs could participate in several signaling pathways, including cytoskeletal remodeling, cell adhesion-chemokine and adhesion, neurophysiological processreceptor mediated axon growth repulsion, Wnt/β-catenin pathway, cytoskeletal remodeling-role of PDGFs in cell migration, cytoskeletal remodeling-TGF, WNT and cytoskeletal remodeling involving several biological processes, including cell proliferation and regulation, apoptosis cell cycle regulation, cell differentiation, cell adhesion regulation and angiogenesis. Furthermore, following further enrichment analysis, one result which aroused great interest was that one of the downregulated miRNAs, miR-570, targeted genes CTNNB1, β-catenin, AXIN1 and FZD7. Therefore, we have reason to consider that miR-570 may modulate the WNT/β-catenin pathway, which could then inhibit the growth of CRC cells. miR-570 may become a potential therapeutic target for CRC, however, further studies are required to determine this.
In conclusion, the results of the present study require validation by further investigation using larger CRC patient cohorts. However, despite its limitations, this study suggests that miRNAs affect the carcinogenesis of human CRC, and these cancer-associated miRNA signatures may become useful tools for identifying patients with early-stage CRC, and may thus improve the clinical outcome. miRNAs are involved in the celecoxib intervention process in CRC and may add new mechanism to its inhibitory role. The findings of the present study have expanded our knowledge of the molecular alterations involved in human CRC pathogenesis and the role of miRNAs in human cancer.
